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Abstract 
The inelastic post-buckling performance of braced moment resisting frame (BMRF) systems is notably affected by their strength, 
ductility, and stiffness which have been paid a great deal of attention in recent years. The concept of performance-based design 
requires a thorough appraisal of the system responses, and their improvements in conjunction with the design parameters in 
details. In this paper, we aim to provide insight into the above issues with an accurate evaluation of nonlinear post buckling 
response of BMRFs, and through a comprehensive comparison of such systems for different gusset-brace configurations, namely, 
diagonally braced moment resisting frames (DBMRFs) and X-braced moment resisting frames (X-BMRFs). The effect of 
different gusset plate connection sizes/types with linear and elliptical clearance offsets are fully considered, using high fidelity 
three-dimensional finite element models of the proposed system that are validated and verified globally/locally against available 
experimental results and numerical simulations. A number of BMRF models are developed, and the sensitivities of buckling and 
post-buckling states to changes in system parameters and geometric imperfections are discussed. The results of this study can be 
further extended to ascertain the effects of different types of beam-to-column connections. Additionally, brace-to-frame rigidities 
and material properties of BMRFs can be considered to determine optimum design parameters and to control interaction 
characteristics between different subsystems of BMRFs. 
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1. Introduction 
Steel structures are widely used in design and construction of residential buildings, because they can be rapidly 
constructed, they offer competitive solutions in the global marketplace as expedient construction reduces the labor 
costs. Concentrically braced frame (CBF) systems are common in steel construction, and offer lateral loads through 
a vertical concentric truss system and tend to be efficient and highly functional because they can provide high 
strength and stiffness with lower drift capacity while the frame members can be constructed with the common lighter 
structural sections. These features, as opposed to moment resisting frame (MRF) systems, can also result in less 
favorable seismic attributes such as low ductility capacity and higher accelerations.  
Special concentrically braced frame (SCBF) systems are designed to maximize inelastic drift capacity to remedy 
the aforementioned shortcomings and to improve ductility and post-buckling responses of the CBFs. Proportioning 
and detailing requirements for braces aim to ensure adequate axial ductility, which in turn will influence—positively 
or negatively—the lateral drift capacity of the system [1]. Existing rules for design and detailing of connections and 
frame members attempt to preclude less ductile modes of response that might result in reduced lateral drift capacity 
[2]. Recently, Lehman et al. [3] presented a new elliptical clearance model for gusset plate connection, and 
compared the ensuing failure modes with those obtained from the current design approach. Subsequently, Roeder et 
al. [4] proposed a balanced design procedure for gusset-to-brace connections of SCBFs wherein undesirable failure 
modes are prevented, and the yield mechanism is calibrated with preferred failure modes to maximize the drift 
capacity.    
 Braced moment resisting frame (BMRF) systems are effective structural systems that combine the advantages of 
braced frame and moment frame systems. If well designed, BMRF systems can yield reliable dissipative behavior 
with an improved post-buckling behavior. BMRFs are generally constructed with two types of gusset-brace 
subsystems—namely, diagonally braced moment resisting frames (DBMRFs) and X-braced moment resisting frames 
(X-BMRFs). Recently, new criteria to ensure balanced dissipative behavior in DBMRF systems has been proposed 
by Lotfollahi et al. 2015a [5]. The said criteria, if satisfied, ensured a desirable sequence of subsystem yielding and 
component failure events up to the ultimate state of the system, and eliminated/suppressed the undesirable failure 
modes. The X-BMRFs demonstrate more complex behavior than the DBMRFs, and thus a new balanced 
performance framework—which, ideally, applies both types of systems—is needed. Initial work in that direction has 
been presented by Lotfollahi et al. 2015b [6].   
In this paper, we demonstrate inelastic post-buckling performance of BMRFs containing a detailed comparison 
between the global and local responses of gusset-brace configurations of diagonally braced and X-braced systems. 
To that end, a number of DBMRF and X-BMRF systems (shown in Fig. 1a, b) are designed and analyzed under 
monotonic and cyclic loadings patterns using high fidelity three-dimensional finite element models (3D FEMs). 
These analyses are validated and verified against existing test data and numerical simulations, respectively.  
In the parametric studies, different gusset plate connection types/sizes with linear and elliptical clearance offsets 
are considered, and the sensitivity of buckling and post-buckling responses to variations in the system design 
parameters are discussed. The results of this study provides a quantified assessment of the influences of BMRF 
design parameters (material properties, geometry, and configuration) to overall system performance, as well as that 
of the interaction between subsystems due to system metrics such as brace-to-frame rigidity ratios.  
It is worth noting that the results of this study are presented for the first buckling modes of DBMRF and X-BMRF 
systems. An investigation of the effects of higher modes of buckling on nonlinear post-buckling behavior of the said 
systems is deferred to a future study.            
2. Numerical modeling 
The Simulia-ABAQUS finite element (FE) package [7] is utilized for all modal, pushover, and cyclic analyses. 
The frame members, brace elements, gusset plate, and connections are modeled using four-node doubly curved 
general purpose elements with reduced integration and hourglass control (S4R). The four-node element has six  
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(a) DBMRF system (b) X-BMRF system (c) Material properties of BMRF system  
Fig. 1. Illustration of the (a) DBMRF, and (b) X-BMRF systems; (c) stress-strain backbone curves for BMRF systems’ constituents. 
 
degrees of freedom at each node and is appropriate for analyzing thin to moderately-thick shell structures and 
(kinematically nonlinear) large strain applications. The reduced integration option is used, because it provides 
adequately accurate results and significantly reduces run-times, which is a major concern for the detailed 3D FE 
simulations used in the present study. A large displacement formulation is adopted to properly simulate buckling and 
post-buckling responses. 
The ASTM A501, ASTM A572, ASTM A992 standards are used for the brace element, gusset plates, and frame 
members, in similar fashion with previous research work by Lehman et al. [3]. The uniaxial stress-strain diagrams 
for these three types of steel (all with E = 250 GPa and  = 0.3) are shown in Fig. 1(c). The stress-strain diagrams 
are piecewise linear, and the data points are obtained from a best fit to the well-known Ramberg-Osgood formula. 
The transition region from elastic to plastic behavior was highly refined in order to improve numerical convergence 
during the simulations. The von Mises criterion is used for material yielding, and isotropic and kinematic hardening 
rules are adopted respectively for monotonic and cyclic analyses. The yield stress for the brace, gusset plate and 
frame members are 345, 415, and 420 MPa, respectively. 
In reality, the braces are already in deformed shapes upon mounting due to welding distortions and assembly 
procedures. Accordingly, during the nonlinear simulation procedures, initial imperfections proportional to the lowest 
idealized elastic buckling eigen-mode shapes are introduced to the gusset-brace subsystem of BMRFs. Two 
supplementary analysis method are implemented for the calculation of the buckling mode shape, buckling load, and 
post-buckling behavior. An eigen-analysis is conducted first to obtain the buckling mode shape of each BMRF 
system. The mode shapes are then scaled with properly chosen imperfection amplitudes to generate the initial 
geometry of both diagonal bracing and X-bracing in each BMRF. Fig. 2 shows the typical results of nonlinear 
post-buckling analyses for different imperfection magnitudes incorporated into the bracing system. As seen, the 
braces are very slender and they buckle very early, and thus, the BMRF system responses are highly affected by the 
initial imperfections of gusset-brace subsystems. To simulate the inelastic post-buckling behavior of the BMRFs, 
these preliminary out-of-plane distortions of the gusset-brace subsystems are separately evaluated for each DBMRF 
and X-BMRF system, and by comparing the results with the elastic buckling load obtained from the eigen-buckling 
analysis.  
To replicate the effect of the composite slab floor, lateral loads are applied to the top flange of the top beam, and 
are gradually increased from zero to a level beyond to the BMRF system capacity. The ultimate state of the BMRFs 
is the state in which the lateral stiffness of the system tends to be zero due to the extreme plastic hinge propagation 
through the system. This state for all models is beyond the 2.5% drift ratio as per ASCE 7-10 [8]. To simulate the 
fixed conditions of the columns, the nodes of both column flanges and the web at the bottom ends are constrained in 
all directions. Additionally, the constraints imposed by the slab floor are enforced by restraining the top flange of the 
beams from having any out-of-plane displacements.    
3. Validation and verification of the results  
Existing test data and results from prior numerical studies are utilized here to validate and verify the finite 
element analysis procedures, mesh sizes, and boundary conditions in the present study. In a successive numerical 
simulations program, different mesh refinement levels were considered to determine the optimal finite element sizes 
and distributions. In each level of mesh refinement, mesh sizes were varied independently within the gusset-brace  
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subsystem as well as the beam/column sections; and the results for both local and global responses were compared 
with those from prior experimental and numerical studies. Also, the variation of the percentage errors obtained by 
comparing the 3D FEM estimations with those from the experimental data for different numbers of mesh elements 
and different beam-to-column connections were discussed. The results show that the maximum FE mesh sizes of 
25×25 mm for the gusset-brace subsystem, and 40×40 mm for the beam/column sections are adequate. Further 
discussion is omitted here for brevity, and the readers are referred to the study by Lotfollahi et al. [9], which 
delineates a detailed and validated explicit dynamic framework for quasi-static simulations of the cyclic responses of 
braced frame systems. 
4. DBMRF and X-BMRF models 
In order to develop a systematic approach towards the evaluation of inelastic post-buckling performance of 
BMRFs, a number of DBMRF and XBMRF systems, as illustrated in Fig. 1, are designed according to the AISC 
seismic design rules [1] and provisions [2]. The width-to-height ratio (B/H) is equal to 1.5 (H = 3.5 m), and 
demand-to-capacity ratio (D/C) for the gusset-brace subsystem is considered to be constant for either gusset-brace 
configuration. The load magnitudes and load combinations are obtained from ASCE 7-10 [8], which are chosen for a 
highly seismic stiff soil site located in Los Angeles, California, whereas the BMRFs are designed to comply with the 
requirements of lateral-seismic-force-resisting systems of the aforementioned codes. The braces are connected to the 
frame members with different corner gusset plate connections and a through-plate center splice connection are 
considered for the intersection of X-bracing diagonals. 
The gusset-brace systems are designed according to the “special concentrically braced frame requirements” 
wherein the brace elements, made from hollow square section (HSS) profiles, are assumed to accommodate the 
excessive nonlinear post-buckling deformation, and the gusset plates are designed in view of the expected yield 
strength of the bracing diagonals. The rectangular and tapered gusset plate connections are designed in accordance 
with the conventional 2tp linear-clearance as well as the new ntp elliptical-clearance. Furthermore, the limit states for 
design of gusset plate connections are prescribed here based on the balanced design approach proposed by Roeder et 
al. [4]. All design considerations including yielding and fracture on the Whitmore width, block shear rupture, gusset 
plate buckling, interface weld failure, as well as net section failure are checked and prevented through the gusset-to-
brace connection design.  
 
Table 1. Specifications of the considered BMRF systems (all dimensions are in mm). 
Model (Abracing)diagonal & (Abracing)X (Ibracing)diagonal & (Ibracing)X G.P. Dimensions 
D-1.5-15-R 27.6 441.6 834.9560.8 
D-1.5-15-T 27.6 441.6 448.9350.3 
D-1.5-15-E 27.6 441.6 525.3×354.4  
X-1.5-12.5-R 12.7 71.9 566.4×370.1 
X-1.5-12.5-T 12.7 71.9 314.7×233.8 
X-1.5-12.5-E 12.7 71.9 372.7×240.9 
Abracing & Ibracing: cross-sectional area and moment of inertia of the brace elements; G.P.: gusset plate. 
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(a) DBMRF systems (pushover) (b) X-BMRF systems (pushover) (c) DBMRF system (cyclic) (d) X-BMRF system (cyclic) 
Fig. 3. Typical results of the nonlinear post buckling analysis of the BMRF systems; (a and b) monotonic loading, (c and d) cyclic loading. 
 
The frame members are designed according to the “special moment resisting frame requirements” by following 
the capacity-design principles. Beams and columns are checked to allow the propagation of full plastic hinges within 
the gusset-brace system, to resist the expected yield forces from the gusset-brace subsystem, and to remain stable 
until the ultimate state of the system is reached. The “weak beam-strong column” design criterion is employed to 
ensure that the plastic hinges are only allowed to from at the beam-ends and at the lower ends of the columns, to 
ensure that the system remains stable even after the plastic hinges start forming throughout the system. The beam-to-
column connections are designed according to the Welded Unreinforced Flange-Welded Web (WUF-WW) 
prequalified connection criterion. Nevertheless, all code limitations and related provisions are included over the 
design of these connections, and connection details and components are designed with capacity being equal to the 
demand, 
The frames of DBMRF and X-BMRF systems are identical, and the designed sections for beams and columns are 
W12×53 and W12×43, respectively. The BMRFs have different gusset plate configurations, which are designed 
according to the constant brace-to-frame rigidity ratio, while the axial capacities of the corner gusset plates are set 
equal to the expected axial capacity of the bracing diagonals. It is worth noting that each model is named after their 
gusset-brace configuration type (D or X), width-to-height ratio (B/H) of the frame, gusset plate thickness (in mm), 
and the corner gusset plate shapes of either linear-clearance rectangular (R), tapered (T), or elliptical-clearance (E) 
gusset plate connections, as shown in Table 1.  
5. DBMRF vs. X-BMRF: inelastic post buckling performance 
The inelastic post-buckling performances of both DBMRF and X-BMRF systems are thoroughly examined and 
the results are summarized to discussed in the following subsections: 
5.1. Stiffness and strength 
The nonlinear post-buckling behavior of BMRF systems with different gusset-brace configurations are presented 
in Fig. 3 (a and b); whereupon for each case, different gusset plate connection sizes/types with linear and elliptical 
clearance offsets are evaluated. The results show that the use of an X-bracing system instead of a diagonal one 
results in the increase of lateral stiffness of the BMRF; furthermore, the buckling displacements X-BMRFs are 
greater than those of their corresponding DBMRFs—i.e., 10.6% (13.9%), and 14.2% increase in lateral stiffness, as 
well as 10.2% (9.1%), and 7.3% of increase in buckling displacement for the linear-clearance rectangular (tapered), 
and elliptical-clearance gusset plate connections, respectively. Likewise, the post-buckling strengths of X-BMRF 
systems are greater than those of their corresponding DBMRF systems, which results in lower ultimate state 
displacement of X-BMRFs compared to the corresponding DBMRFs—i.e., 60.8% (62.4%), and 61.3% increase in 
post-buckling strength, as well as 0.8% (1.6%), and 1.3% decrease in ultimate state displacement for linear-clearance 
rectangular (tapered), and elliptical-clearance gusset plate connections, respectively. 
Additionally, the gusset plate thickness was observed to have only a minor effect on the nonlinear post-buckling 
responses of BMRF systems. Instead, the brace-to-frame rigidity ratio controlled that behavior. Fig. 4 (c) shows that 
the post-buckling strengths of BMRF systems are less sensitive to the gusset plate types/size thickness than the 
buckling displacement of the system. The results reveal that the maximum increase of 66.6% and 64% in the gusset  
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(a) DBMRF system (b) X-BMRF system (c) Effect of G.P. thickness (d) Effect of Eq. Pl. Strain 
Fig. 4. Calculated ductilities for (a) DBMRFs, and (b) X-BMRFs; Sensitivity evaluation for (c) G.P. thickness, and (d) Eq. Pl. Strain 
(G.P.: gusset plate; Eq. Pl. Strain: equivalent plastic strain; Y.Ms.: yield mechanisms; F.Ms.: failure modes; PCT: percentage; Var.: variation). 
 
plate thickness of DBMRF and X-BMRF systems produces increases in the post-buckling strength (buckling 
displacement) of BMRF systems, by approximately 5.9% (10.3%) and 3.6% (7.1%), respectively. 
5.2. Ductility evaluation for yield mechanisms 
In this section, the ductility values for different nonlinear performance levels of DBMRF and X-BMRF systems 
are evaluated and compared. Specifically, for DBMRF systems, plastic hinge formation in the middle of the buckled 
braces (µy1), gusset plate plasticity (µy2), panel zone yielding (µy3), plastic hinge formation in the beams (µy4), and 
ultimate state of the system (µmax) are calculated. For X-BMRF systems, in addition to the aforementioned 
ductilities, tensile yielding of the X-bracing diagonals (µy2) is included, and the results along with other ductility 
values of the system are used to evaluate the secondary yield mechanisms of X-BMRFs. 
Fig. 4 (a and b) displays the calculated ductilities upon the formation yield mechanisms in BMRF systems with 
different gusset-brace configurations. The results show that the use of X-bracing systems—instead of diagonal 
bracing systems—results in lower ductilities for the secondary yield mechanisms for the gusset-brace and moment 
frame subsystems of the considered BMRFs—namely, 55.4% (43.2%), and 28.4% of decrease in ductility for the 
gusset-brace subsystem with linear-clearance rectangular (tapered), and elliptical-clearance gusset plate connections, 
as well as 14.7% (25.4%), and 32.7% decrease in the same parameter for moment-frame subsystems. Furthermore, 
the results reveal that the maximum ductilities of the considered DBMRFs than the X-BMRFs are increased by 
10.3% (9.1%) and 7.6% for the linear-clearance rectangular (tapered), and the elliptical-clearance gusset plate 
connections, respectively. 
5.3. Ductility evaluation for failure modes 
The calculated ductilities for the occurrences of failure modes in BMRF systems with different gusset-brace 
configurations are also shown by Fig. 4 (a and b). Consequently, for each system, the potential of gusset plate weld 
tearing and brace element fracturing are evaluated based on the results of cyclic analyses on BMRFs. The results 
reveal that the presumed DBMRF systems do not experience this kind of failure mode for any type of the gusset 
plate connections. However, the failure modes of X-BMRF systems with tapered and elliptical-clearance rectangular 
gusset plates will most likely occur prior to the ultimate state of the system. Moreover, during the cyclic analyses, 
the amount of stress/strain concentration in the critical locations of X-BMRFs is higher than those of their 
corresponding DBMRFs. This is due to the tensile diagonal action of the X-bracing diagonals and the smaller sizes 
of their corner gusset plates, which can also cause premature failures.  
     The equivalent plastic strain can be used as an indicator for evaluation of the aforementioned failure modes (see, 
Lotfollahi et al. [5] for details). In the present study, the value of this parameter at different locations of the DBMRF 
and X-BMRF systems are calculated, based on the results of cyclic analyses, as shown in Fig. 3 (c and d). Fig. 4 (d) 
presents the percent-variation of the equivalent plastic strain at different locations of the considered BMRFs. The 
results indicate that the use of X-bracing results in the mean-increase of this parameter at the middle of the buckled 
brace (Mid. of brace) by 10.3% (20.2%) for linear-clearance rectangular (tapered), and by 36.7% for elliptical-
clearance gusset plate connections. These results are increased by 62.5% (68.7%) and 74.2% in the re-entrant corner  
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(a) DBMRF systems (b) X-BMRF systems 
Fig. 5. Percentage share of story shear by the gusset-brace systems; (a) DBMRFs, (b) X-BMRFs (PCT: percentage; FR: frame; SYS: system). 
 
of gusset plates to the columns (G.P. and Column). They are also increased by 21.7% (22.4%) and 23.4% in the re-
entrant corners of the gusset plates to the beams (G.P. and Beam) for linear-clearance rectangular (tapered), and 
elliptical-clearance gusset plate connections, respectively. 
6. DBMRF vs. X-BMRF: contribution shares of story shear between the subsystems 
The effectiveness of the gusset-brace system can be properly evaluated by measuring the amount of absorbed 
shear force between the subsystems. The absorbed shear forces are calculated by integrating shear stresses acting on 
the cross-section of the moment frame and gusset-brace systems at a specific level. Fig. 5 illustrates the amount of 
shear forces carried by the gusset-brace subsystem in BMRFs, each having different gusset-brace configurations and 
corner gusset plate connections. The results show that the gusset-brace shares of story-shear in the elastic phase are 
almost the same (with a maximum difference of less than 1.5%). However, the contribution shares of the gusset-
brace system in the inelastic phase of the considered BMRF systems are highly affected by the gusset-brace shapes 
and types—i.e., 148.1% (191.3%), and 157.6% increases are seen in the gusset-brace shares of story shear in the 
inelastic phase for linear-clearance rectangular (tapered), and elliptical-clearance gusset plate connections, 
respectively, when an X-bracing system is used instead of a diagonal bracing system. This corresponds, respectively, 
to a decrease of 57.8% (71.3%) and 65.1% in the moment frame shares of story-shear in the inelastic phase of X-
BMRFs compared to the corresponding values of these parameters for the DBMRFs. The results reveal that the 
gusset plate thickness has a minor effect on the gusset-brace contribution shares of story-shear, and that the rigidity 
between the subsystems is what primarily controls the variations in the shares of story-shear.  
7. DBMRF vs. X-BMRF: energy dissipation distribution 
Another method to appraise the inelastic post-buckling performance of BMRF systems is the evaluation of energy 
dissipation ratios and their distributions among the DBMRF and X-BMRF system constituents. Fig. 6 displays these 
results. The outcomes suggest that the proper use of X-bracing systems—instead of diagonal bracing systems—will 
produce increases in the energy dissipation ratio. These ratios at the ultimate state of the system (i.e., performance 
level IV in DBMRFs and performance levels V in X-BMRFs) are 12.6% (15.2%) and 13.1% higher for the linear-
clearance (tapered), and elliptical-clearance gusset plate connections, respectively. Interestingly, a more appropriate 
energy dissipation distribution between the X-BMRF system constituents can be attained at all performance levels, 
compared to DBMRFs. The results reveal that, at the ultimate state of the system, the participation shares of the 
moment-frame subsystems of X-BMRFs in energy dissipation are decreased by 40.1% (31.2%) and 38.3% for 
linear-clearance (tapered), and elliptical-clearance gusset plate connections, respectively. More importantly, this can 
provide, on the one hand, lower plasticity propagation within the moment frame systems and better survival of frame 
members, and on the other hand, more active dissipative responses by the gusset-brace subsystems of X-BMRFs. 
The gusset-brace participation shares of energy dissipation in X-BMRF systems at their ultimate states systems are 
increased by 75.6% (88.3%) and 81.4% for the linear-clearance (tapered), and elliptical-clearance gusset plate 
connections, respectively, relative to the DBMRF systems.   
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(a) D-1.5-15-R (b) D-1.5-15-T (c) D-1.5-15-E (d) X-1.5-12.5-R (e) X-1.5-12.5-T (f) X-1.5-12.5-E 
Fig. 6. Energy dissipation ratio and distribution for different DBMRF and X-BMRF system’s constituents (EDR: energy dissipation ratio). 
8. Conclusions 
We have sought to gain insights into the inelastic post-buckling performances of BMRF systems. We have 
outlined our attempts at carrying out a comparative analysis procedure involving different BMRF systems, using 
validated and verified three-dimensional finite element models. The focus of these studies was to distinguish the 
effects and performances of DBMRF and X-BMRF gusset-brace configurations. For each type, we considered 
different gusset plate types and sizes. While to study here scrutinized many different BMRF configurations, it has 
not been exhaustive, and thus, further studies are needed to bracket the influence of various design parameters on 
these systems’ performances. Results from the present study illuminated several key issues, and provided a 
foundation for further systematic investigations. 
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